ABSTRACT HOLT, STANLEY C. (Dartmouth Medical School, Hanover, N.H.), S. F. CONTI, AND R. C. FULLER. Photosynthetic apparatus in the green bacterium Chloropseudomonas ethylicum. J. Bacteriol. 91:311-323. 1966.-When cells of Chloropseudomonas ethylicum were broken by ballistic disruption and examined by electron microscopy, vesicles 1,300 to 1,500 A long and 300 to 500 A wide were found to rim the periphery of the cell. Examination of these vesicles obtained by disruption with a French pressure cell and purified by density gradient centrifugation revealed interconnections between the vesicles. During sonic and Mickle disruption of the cells, chlorophyll was released at a lower rate than soluble cytoplasmic components, but faster than the membrane-bound enzyme succinic dehydrogenase. Unlike the situation that exists in the purple photosynthetic bacteria, it appears that the chlorophyll in the green bacteria is contained as part of a structure which may be differentiated both structurally and functionally from the bacterial cytoplasmic membrane.
Schachman, Pardee, and Stanier (20) demonstrated that the photosynthetic pigments of Rhodospirillum rubrum were sedimentable in the ultracentrifuge. This fraction, which contained particles 600 to 1,000 A in diameter, had a sedimentation constant of 190S and contained the entire pigment complement of the cell.
Vatter and Wolfe (24) , studying the ultrastructure of R. rubrum, Rhodopseudomonas spheroides, and Chromatium in thin sections, found the cytoplasm to contain circular profiles approximately 500 to 1,000 A in diameter. It was concluded that the circular profiles observed in sections were similar to the isolated chromatophores of Schachman and co-workers (20) . Bergeron (1) also observed that the cytoplasm of Chromatium grown at low light intensity contains annular images approximately 300 A in diameter. These structures were assumed to be similar to the chromatophores, as observed by Vatter and Wolfe (24) .
Marr (15) , Tuttle and Gest (23) , Stanier (22) , and Holt and Marr (10) , by use of the techniques of osmotic shock and sonic and ballistic disruption, presented evidence that the chromatophores of R. rubrum, as isolated by Schachman and coworkers (20) , are merely the result of mechanical disruption of an extensive intracytoplasmic membrane. The presence of a highly differentiated photochemical membrane system has also been observed by Fuller, Conti, and Mellin (7) in Chromatium, strain D. At low light intensity, the cytoplasm of Chromatium is packed with the classical circular profiles similar in appearance to the chromatophore observed in thin sections of the nonsulfur purple bacteria grown under lowincident light.
Holt and Marr (10) isolated and purified the membrane fraction from R. rubrum by the technique of gradient centrifugation and electrophoresis. They showed that there is a relationship between membrane content and chlorophyll synthesis as the light intensity is varied, which indicates a constant composition of photochemical structure.
The green sulfur bacteria, represented by two genera, Chlorobium and Chloropseudomonas, were examined by Bergeron and Fuller (2) and CohenBazire, Pfennig, and Kunisawa (4). Cohen-Bazire and associates (4) suggested that these green bacteria contain a photosynthetic structure quite different from that reported for other photosynthetic forms. Bergeron and Fuller (2) isolated a functional particle from Chlorobium which is approximately 150 A in diameter, and which contained all of the pigment of the cell. These particles were able to catalyze the light-induced HOLT, CONTI, AND FULLER formation of adenosine triphosphate from adeno-method (13) centration of 5 mg (dry weight) per ml. A 5-ml amount All cultures were determined to be growing expo-of this suspension, together with 3 ml of glass beads nentially at the time of harvest. As evidence of the (Ballotini, no. 10), was added to the cup of the Mickle presence of a steady state, the differential rate of apparatus. The cups were shaken with a 9-mm peakchlorophyUl synthesis was determined to be constant to-peak displacement and were cooled to 4 C every prior to harvest. 30 sec, which maintained the temperature below 20 C The cells were harvested by centrifugation at 4 C during the entire treatment. At cells of C. ethylicum were suspended in 0.02 M phos-concentration of 5 mg (dry weight) ofcells per ml. The cells were broken in a French pressure cell at 20,000 psi. The extract was treated with 0.5 ,tg of deoxyribonuclease per ml for 30 min and was centrifuged at 18,000 X g for 30 min to remove whole cells and debris. The green-pigmented supernatant fluid was then centrifuged at 104,000 X g for 1 hr, and the supernatant liquid was discarded. The pellet was suspended in cold 0.02 M phosphate buffer (pH 7.0) containing 0.001 M MgSO4.
Preparation of sucrose gradients. A linear sucrose gradient was prepared as described by Holt and Marr (10) . The sample was layered on the surface of the gradient as a 1-to 2-mm band, and the tubes were centrifuged in a swinging-bucket rotor (Spinco SW 39L) at 25,000 rev/min for 120 min. Sucrose-gradient electrophoresis. The procedure as outlined by Holt and Marr (10) for the preparation of the sucrose-gradient electrophoretic cell was followed with the following modification: to prevent the oxidation of chlorophyll, 0.1 M L-cysteine was added to the sucrose-0.02 M tris(hydroxymethyl)aminomethane-Cl buffer in the electrophoretic cell. A potential of 250 v at 25 ma was applied to platinumstainless steel electrodes producing a current of 25 ma through the cell.
RESULTS
To observe the relationship between the vesicular component and the cytoplasmic membrane in C. ethylicum, cells were subjected to ballistic disintegration and examined by electron microscopy. Figure 1 Figure 12 shows the results of density-gradient electrophoresis. There is a significant reduction in the contamination by wall and membrane fragments.
The kinetics of release of chlorophyll from the cell by means of sonic and ballistic treatment were determined to see if the vesicles as observed in thin sections of C. ethylicum are a part of an extensive structure within the cell or occur as discrete cytoplasmic components of the cell. Substances which are contained within the cell as discrete cytoplasmic components should be released at a rate equal to the disruption of the cells. A component which is part of a more extensive structure of the cell should be released at a rate lower than the disruption of the cells.
The results of sonic treatment are shown in Fig. 13 higher rate than the comminution of the cell and the release of succinic dehydrogenase from the intracytoplasmic membrane. The rate of loss of sedimentable chlorophyll appears to be exponential, but does not correspond to the rate of decrease in turbidity, to the release of 260 m,-absorbing material, or to the release of succinic dehydrogenase. Several interpretations of this are possible: the vesicles could be attached to the peripheral membrane by fragile interconnections, the vesicles could be interconnected, or both situations could exist.
A second method of cell disruption, ballistic disintegration in a Mickle apparatus, was also employed. In this procedure, cell comminution (decrease in turbidity at 600 m,u) occurs more slowly and with less physical fragmentation of the cell envelope.
The results of ballistic disintegration are shown in Fig. 14 succinic dehydrogenase is lower than the decrease in turbidity or the release of substances absorbing at 260 my. During ballistic disintegration, the attached vesicular structures may be sheared from the peripheral membrane or from each other, but the breach produced in the cell is not sufficient to allow the large (1,300 to 1,500 A long) vesicular elements to escape. This hypothesis was tested by examining the kinetics of release after combined ballistic-sonic experiment. C. ethylicum was ballistically disrupted as previously described, and then subjected to a short period of sonic treatment. Figure 15 shows the results of this study. After 15 min of ballistic disintegration, approximately 4%7, of the chlorophyll is released.
Brief sonic treatment at the end of the 15 vided that the breach produced in the envelope is sufficiently large to allow the structure to escape. The rate of release of chlorophyll during sonic and Mickle disruption suggests the vesicular structure of C. ethylicum probably exists as an extensive structure within that cell. Since the release of chlorophyll during sonic oscillation is not as great as the release of 260-m, absorbing material or as slow as the release of membranebound succinic dehydrogenase or the decrease in turbidity, the vesicular structures may exist as part of a more extensive structure of the cell independent of or only loosely associated with, the bacterial cytoplasmic membrane.
The separation of the cytoplasmic membranebound enzyme, succinic dehydrogenase, from the chlorophyll-containing vesicle indicates a difference between the green and purple photosynthetic bacteria. A similar separation has been described by Fuller (6) , who was able to separate the pigmented component probably produced by comminution of these vesicles from succinic dehydrogenase in C. thiosulfatophilum. This degree of functional separation and observed structural integrity indicates that the photosynthetic vesicles of the green bacteria may be more highly differentiated than the photosynthetic membrane system of the purple bacteria. Whether this extensive structural unit exists attached to the inner portion of the peripheral membrane has not teen conclusively determined.
The kinetics of release do not indicate complete independence of these structures within the cell. These results support the concept that the breach in the cell wall produced by ballistic action in the Mickle apparatus is not large enough to release the vesicular structures and may also suggest an extensive chlorophyll-containing structure within the cell, since sonic treatment of these "opened" cells immediately releases all the remaining chlorophyll.
The examination of electron micrographs of both thin sections and negative-stained cells of C. ethylicum shows both interconnected (Fig. 2) and free vesicles. It is quite possible that ballistic treatment of the cells causes disruption of the vesicles at their apparent interconnections. In addition, the vesicle fraction isolated by comminution in the French pressure cell also suggests that the vesicles are attached to one another at the apex (Fig. 9, 10 ).
Further work is required to establish firmly the relationship between the cytoplasmic (peripheral) membrane and the vesicular structure as it exists in the green bacteria. In any event, the photosynthetic vesicles present 
